Photuris lucicrescens males mirror the pattern of neural impulses produced by their brain. Their lanterns luminescence very differently, however, in response to direct, electrical stimulation. Whereas P. lucicrescens lanterns glow in response to high frequency, continuous electrical stimulation, those of P. versicolor produce only rapid, triple-pulsed flashlettes that resemble, but are not identical to, their courtship flashes. In addition, the exposed lantern tissue of P. versicolor males, when immersed in firefly saline high in potassium and calcium ions, scintillates with hundreds of photocytes flashing in random fashion. P. lucicrescens male lanterns, so treated, only glow. Tests of P. versicolor lanterns with salines of different composition suggest that calcium ions are essential in producing this intense, long lasting scintillation response and are therefore possibly implicated in the final stages of flash control in this species.
INTRODUCTION
The males of two fireflies of the genus Photuris possess widely different courtship flashes. P. versicolor produces a triple-pulsed flash while P. lucicrescens produces a long, slowly building crescendo flash (Fig. 1) . A possible explanation of why these fireflies differ is that the flashes are shaped by the neural impulses generated in the brain that eventually impinge on the lantern tissue. The neural bursts produced by the nervous system of these two fireflies do indeed differ as expected. Recordings of the nerve impulses that arrive in the lantern of P. versicolor reveal three short bursts that clearly trigger its courtship flash ( Fig. 2) (Christensen and Carlson, 1981) . The neural burst triggering the crescendo flash of P. lucicrescens is a long, slowly developing burst (Fig. 3) (Carlson et al., 1982) . It appeared, therefore, that it was the brain that determined the overall shape of the male courtship flash, while the lantern acted in a passive manner responding precisely to its neural input. We assumed that it was possible to shape any kind of flash by simply adjusting the frequency and duration of the stimulus activating the lantern nerves.
Whereas direct stimulation of the lantern of P. lucicrescens had the result we expected, namely, a 1-sec burst of impulses of increasing frequency produced a continuously rising glow that plateaued at the highest frequency and was rapidly extinguished upon stimulus cessation (Fig. 4) , the same stimulus delivered to the P. versicolor lantern produced instead a rapid, multipulsed flash sequence that was extinguished before the stimulation stopped (Fig. 5) . The lantern of this species responds to continuous electrical stimulation of its ventral nerve cord with its ganglion intact with 3 or 4 rapid flashlettes (Fig. 6 ). Its posterior lantern responds in virtually identical fashion when stimulated directly even when its ganglion, which resides in the anterior segment, has been removed by severing the nerves between the two segments (Fig. 6 ). The observation that under direct, continuous stimulation the posterior lantern segment can produce triple-pulsed flashes appears to rule out the role of the ganglion in shaping this flash response. The triple-pulsed flashes induced by neural bursts from the brain that trigger the courtship flash and those triple-pulsed flashes induced by direct, continuous electrical stimulation of the lantern do appear to differ physiologically as shown by their different responses to temperature. Whereas the spontaneous courtship flashes show a typical Q 10 close to 2, the stimulated flashes are much less temperature sensitive with a Q 10 around 1.5 ( Fig. 7) (Carlson, 1981) . The luminescent responses of the lanterns of these two species also differ in another significant manner. Whereas perfusion of the exposed lantern tissue of P. lucicrescens with a saline high in potassium with calcium induces merely a glow, the exposed lantern tissue of P. versicolor produces a spectacularly different response. High potassium saline containing calcium induces in the lantern of the latter species intense scintillation composed of the rapid, tiny flashes of hundreds of photocytes that can persist for over an hour ( Fig. 8) (Carlson, 1967) . Alternating treatments with high potassium and high sodium salines while stimulating the ventral nerve cord can produce massive scintillation alternating with coordinated flashing (Fig. 9 ) (Carlson, 1967) .
It therefore appears that the lantern tissues of the P. versicolor and P. lucicrescens fireflies possess different coupling physiology between their nerves and the endorgan complex containing the tracheal end cells, the tracheolar cells and the photocytes. I propose that calcium ions may play a significant role in coupling the stimulus from the nerves to the flash control system in the lantern of P. versicolor. The evidence upon which this is based is suggested by experiments studying the induction of the persistent and long term scintillation response on exposed lantern tissue of P. versicolor males with salines of different ionic composition (Table 1 Carlson et al. (1982) . concentration and lines 6, 7, 8, & 9 on effect of potassium concentration). Only saline solutions high in potassium and calcium ions induce this persistent scintillation in a majority of the lanterns tested. As calcium ions are reduced in high potassium the scintillation response is less strong and when calcium is replaced with magnesium it fails completely (Table 1 : See line 5 on effect of replacement of calcium with magnesium).
DISCUSSION
The luminescent responses of the two Photuris firefly species described here, namely P. versicolor and P. lucicrescens, differ in very fundamental ways. Their courtship flashes differ significantly in that P. lucicrescens produces a long, slow crescendo flash and P. versicolor emits its light as a group of 3 or 4 rapid flickers. This might be explained by the pattern of brain generated neural bursts that initiate luminescence and this appears to be the case in P. lucicrescens. The discovery that even continuous electrical stimulation of the nerve cord or lantern of P. versicolor induces only a few rapid flickers reveals a fundamental difference in the lantern physiology of these two closely related species. It is surprising that continuous electrical stimulation of P. versicolor fails entirely to induce luminescence after the initial flickers. This may signal that something occurs in the end organ complex beyond the nerves to block neural action. The complex end organ composed of tracheolar cells, tracheal end cells and photocytes could provide numerous sites for failure, but the scintillation response of the exposed lantern to salines containing potassium and calcium suggests that the failure may lie at the most fundamental level, namely the photocytes themselves. This conclusion is supported by the observation that the scintillation appears to be uncoordinated with tiny points of light appearing in total disorder. If scintillation were controlled by the end organ complexes one might anticipate that it should show some patterning in the highly structured P. versicolor lantern.
The most parsimonious explanation of the scintillation effect is that high K ϩ saline depolarizes the nerve terminals, which in the presence of Ca 2ϩ ions, causes a dump of the transmitter octopamine that is known to be the output of these nerves (Christensen et al., 1983; Carlson and Jalenak, 1986; Carlson and Evans, 1986) . But perfusion of the exposed lantern tissue of the P. versicolor male with octopamine does not induce scintillation, only a glow. It is unlikely that the nerves of these two Photuris firefly species show entirely different physiology. That is, that the nerves of P. lucicrescens respond without failure to continuous electrical stimulation but those of P. versicolor do not. It therefore appears that some fundamental difference in neural physiology cannot explain the difference in luminescent response in these two species.
In the adult firefly lantern the lantern nerves do not terminate on the photocytes, the cells that produce the light, as they do in the larva. Instead, the nerves terminate between the tracheolar cells and a new cell in the adult lantern, the tracheal end cell (Smith, 1963) . There is evidence that the nerves actually synapse on the tracheolar cells because vesicular profiles appear to align the membranes of the nerve terminals and those cells (Case and Strause, 1978) . How the final coupling between excitation by the nerves and luminescence by the photocytes occurs is not known, however. There seems to be a step missing in this process that calcium channels could possibly fill. To contem- plate the possible role of calcium in the initiation of flashes at the end organ level its action would most likely be controlled by calcium channels. Calcium channels are found in nearly all cells and there are some types that might be activated and inactivated sufficiently rapidly to explain flash kinetics in the P. versicolor lantern.
''Voltage-gated Ca (calcium) channels are found in every excitable cell. Indeed, I feel they define excitable cells.'' (Hille, 2001, p. 97) ''All members of this broader superfamily of voltage-gated Na, K, and Ca channels have steeply voltage-dependent gates that open with a delay in response to membrane depolarization. They shut rapidly after repolarization and show some form of inactivation during maintained depolarization. By controlling the flow of Ca 2ϩ into the cytoplasm, they can regulate a host of Ca 2ϩ dependent intracellular events.'' (Hille, 2001, p. 97) If calcium channels are indeed involved in control of the firefly flash, a number of observations on their activity in cell physiology may be relevant. into the cytoplasm, they can regulate a host of Ca 2ϩ -dependent intracellular events. (Hille, 2001, p. 98) 2. Calcium channels are known to open in response to high K ϩ solutions. (Hille, 2001 , p. 97) 3. Calcium channels differ in voltage dependence, inactivation rate, ion selectivity and pharmacology. (Hille, 2001, p. 128) 4. ''A good rule of thumb is that Ca 2ϩ acts locally in the vicinity of the channels that deliver it.'' (Neher, 1998) 5. In the adult photocyte, mitochrondria are densely localized in a differentiated zone immediately adjacent to the photocyte cell membrane that abuts the tracheolar cell membrane (Beams and Anderson, 1955; Kluss, 1958; Smith, 1963) . It is possible that interaction of Ca 2ϩ ions with the mitochondria may initiate the light reaction. 6. Ca 2ϩ has also been implicated in activating nitric oxide synthetase (NOS), which has already been shown to be involved in the control of the firefly flash. (Newby and Henderson, 1990) In conclusion, the observations described in the introduction suggest the following:
1. In the lantern tissue of P. versicolor fireflies, high K ϩ saline appears to depolarize some component of the firefly light organ. 2. High K ϩ saline containing Ca 2ϩ induces massive, uncoordinated scintillation of photocytes, whereas Carlson, 1967) . During application of various salines to the exposed area of the lantern the ventral nerve cord of the decapitated male was electrically stimulated just anterior to the lantern at 2 second intervals to induce possible coordinated flashes. Note that only lines 7.8 and 9 showed flashes. * Scintillation response lasting over 5 minutes. ** Scintillation response less than 5 minutes. *** Exposed area flashes with remainder of lantern.
high Na ϩ saline containing Ca 2ϩ allows the photocytes to produce a coordinated flash. 3. There is a fundamental difference between the physiology of the two firefly species and this difference appears to exist at the level of the photocytes and it may involve Ca 2ϩ channels. 4. The Ca 2ϩ channels, if present, appear to be L-Type or High Voltage Activating (HVA) channels. That is, they open in response to strongly depolarizing potentials. 5. The results of these experiments suggest, but certainly do not prove, that one step in flash control in the P. versicolor lantern involves depolarization of at least one of the intervening cell types.
Further experiments will be necessary to conclusively demonstrate the possible role that Ca 2ϩ channels may play in the control of the firefly flash. 
